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Anthropogenic impacts are endangering many long-lived species
and lineages, possibly leading to a disproportionate loss of existing
evolutionary history (EH) in the future. However, surprisingly little is
known about the loss of EH duringmajor extinctions in the geological
past, and thus we do not know whether human impacts are pruning
the tree of life in amanner that is unique in the history of life. Amajor
impediment to comparing the loss of EH during past and current
extinctions is the conceptual difference in how ages are estimated
from paleontological data versus molecular phylogenies. In the
former case the age of a taxon is its entire stratigraphic range,
regardless of how many daughter taxa it may have produced; for
the latter it is the time to the most recent common ancestor shared
with another extant taxon. To explore this issue, we use simu-
lations to understand how the loss of EH is manifested in the two
data types. We also present empirical analyses of the marine
bivalve clade Pectinidae (scallops) during a major Plio–Pleistocene
extinction in California that involved a preferential loss of younger
species. Overall, our results show that the conceptual difference in
how ages are estimated from the stratigraphic record versus mo-
lecular phylogenies does not preclude comparisons of age selec-
tivities of past and present extinctions. Such comparisons not only
provide fundamental insights into the nature of the extinction
process but should also help improve evolutionarily informed
models of conservation prioritization.
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Extinction of any species or higher taxon invariably results insome loss of existing evolutionary history (EH), but a major
concern about extinctions driven by anthropogenic impacts is
that they may remove a disproportionately large amount of such
history (1–3). In groups as varied as birds, mammals, and plants,
studies have shown that extinctions of species currently on the
International Union for the Conservation of Nature Red List of
Threatened Species would lead to a much larger loss of EH than
expected under randomly distributed extinction of the same
number of species (4–6). This disproportionate loss of EH stems
from phylogenetic clustering of anthropogenic extinctions (1) with
a bias toward the loss of species-poor and geologically old taxa (7–9).
Such predictions, along with the realization that not all species
currently threatened by human activities can be saved, have
motivated the development of various strategies for minimizing
the loss of EH (8, 10, 11). These approaches primarily target
lineages that are old but species poor in an attempt to protect large
amounts of EH and, presumably, also unique traits and functions
that may affect future evolutionary potential (10, 12).
Although the disproportionate loss of EH caused by anthro-
pogenic extinctions is increasingly evident, surprisingly little is
known about the loss of EH during extinctions in the geological
past. The rich archive of extinctions preserved in the fossil record
has been the main source of insights about the nature of the
extinction process (13–15), and it provides the baseline against
which the magnitude of the current crisis has been measured
(16). Comparisons of ecological and biogeographic components
of past and present extinctions also hold great potential for
predicting the nature of future losses (17, 18). Although pale-
ontological studies have tested for age-related bias in extinction
vulnerability (19–22), such analyses have focused primarily on
background extinctions rather than on selectivity across major
extinction events (23). However, without a better understanding
of patterns of loss of EH during major pulsed extinctions in the
geological past, we cannot answer the fundamental question of
whether we, as a species, are pruning the tree of life in a unique
manner. Such an understanding requires developing a com-
parative framework that includes both paleontological and
neontological data.
A major impediment to comparing anthropogenic impacts on
EH with those during past extinctions is that the methods used in
each case differ. Analyses of future losses caused by anthropo-
genic extinctions primarily have used tree-based measures of EH
(24, but see ref. 25) that are not easily applicable to extinct taxa
for which large phylogenies are still lacking. More importantly,
even when phylogenies of extinct taxa are available, the differ-
ences in the nature of paleontological and molecular phylogenies
complicate direct comparisons. In paleontological phylogenies, a
species maintains its identity over time as long as its traits remain
relatively constant. This property allows “budding cladogenesis”
in which a parent species remains unaffected while giving rise to
a daughter (Fig. 1) (26, 27). In contrast, molecular (or cladistic)
phylogenies allow only “bifurcating cladogenesis” in which the
parent lineage is replaced by two daughters (or more daughters
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in the case of multifurcation), even for speciation events that were,
in fact, budding (Fig. 1) (26). Thus, the discrepancy between the
stratigraphic and cladistic representations depends on the fre-
quency of budding versus bifurcating speciation, which remains
unknown at present despite well-documented cases of budding
cladogenesis in the fossil record (26–28).
Whether cladogenesis is viewed as budding or bifurcating has
important consequences for assessing what the “age” of a species
is and consequently for analyses of age selectivities as well as other
aspects of evolutionary dynamics (29). For budding cladogenesis,
the age of a taxon is its entire stratigraphic range (hereafter
absolute age) regardless of daughter taxa it may have produced,
whereas for bifurcating cladogenesis the age of the taxon is the
time to the most recent common ancestor shared with another
extant taxon (hereafter relative age) (Fig. 1) (26, 29). Comparing
paleontological insights about evolutionary dynamics with those
inferred from molecular phylogenies requires us to understand
better the consequences of this difference for empirical analyses.
For the question addressed here, the age definition used will affect
empirical tests of age selectivity during extinctions. It also will
affect simulation tests, such as when choosing taxa for removal
during an age-biased extinction event (Fig. 1). We emphasize,
however, that these two age definitions are simply different
conceptualizations of a given biological history. Extinction se-
lectivity is expected to be based on traits (e.g., geographic range,
body size) rather than on age per se, so any signal of age-dependent
extinction more likely reflects its relationship to other traits.
Our goal here is to understand how the loss of EH is man-
ifested in budding versus bifurcating phylogenies. We start with
simulations to illustrate how a given extinction event erodes EH
on each of these types of phylogenies. We then explore this issue
empirically using a phylogeny of living and extinct marine scal-
lops (Pectinidae) that experienced elevated extinction during the
Plio–Pleistocene transition (30).
Measuring the Loss of Evolutionary History
Although many metrics are available to quantify loss of EH (12,
31), the one most commonly used to estimate potential losses of
EH caused by anthropogenic extinctions is phylogenetic diversity
(PD), defined as the sum of branch lengths on a phylogenetic
tree (24). Because of its widespread application (1, 4, 32–34), we
focus on PD here.
As discussed above, although reconstructed bifurcating phy-
logenies estimate the relative divergence time of two lineages,
stratigraphic range data approximate the absolute duration of
each taxon (35) independent of other taxa derived from it. When
branches are pruned off a clade, the loss of EH may look quite
different from a paleontological perspective (Fig. 1). We define
stratigraphic diversity (SD), analogously to PD, as the sum of the
stratigraphic ranges of taxa within a clade. Loss of PD and SD
may scale differently with extinction intensity and selectivity in
the two types of trees (Fig. 1).
One window into how extinction erodes EH comes from its
age selectivity. Paleontological studies have long tested for age
bias in extinctions, starting with the work of Simpson (36) and the
much-cited conclusion of Van Valen (19) that the extinction risk
of a taxon is independent of its age. Subsequent studies at dif-
ferent taxonomic levels and across various extinction intensities
instead have found evidence for preferential extinctions of either
older (21) or younger taxa (20). However, virtually all these
analyses focused on background rather than on pulsed extinctions.
For anthropogenic extinctions, disproportionately large losses of
PD predicted for many groups (4–6, 9) suggest the preferential
endangerment of older and species-poor lineages, although a
recent study of mammals failed to find such age bias (37).
Simulations
Loss of EH. We designed a set of simulations to compare the loss
of EH under the same extinction event using paleontological and
molecular phylogenies, considering different effects of species
ages on extinction risk. Our central question is whether excessive
loss of older (or younger) taxa as measured on one phylogeny type
is detectable using the other.
We simulated phylogenies under a constant-rates birth–death
process with budding speciation, retaining only species that sur-
vived to the time of observation. By assuming that all speciation
events are budding, we maximize the difference between absolute
and relative ages and hence the discrepancy between SD and PD.
Our analyses are based on these histories and do not incorporate
uncertainty in estimating phylogeny or stratigraphic range. Two
alternative simulation programs were used, SimTreeSDD (Figs. 2
and 3) (38) and paleotree (39) (Figs. S1–S3 and SI Materials and
Methods). We then reduced the outcome of the branching process
to either stratigraphic ranges, which define the “absolute age” of
each species, or to a bifurcating phylogeny on which the terminal
branch length is the “relative age” of each species (Fig. 1 and SI
Materials and Methods).
Trees were simulated for two pairs of speciation and extinction
rates, capturing relatively low and high extinction [« = μ/λ = 0.2
or 0.8, where λ is the origination rate and μ the extinction rate
(40)] while holding the net diversification rate (r = λ − μ) constant.
We subjected each simulated tree to five different forms of age
bias in extinction risk (Fig. 1 and SI Materials and Methods): extinc-
tion risk independent of both absolute age and relative age, ex-
tinction risk increasing linearly with absolute or relative age, or
extinction risk decreasing linearly with absolute or relative age.
We considered four different extinction intensities (m) for each
age structure of extinction, removing between 10% and 80% of
species. Note the distinction between the background extinction
rate of the clade (μ, used to simulate the trees) and the intensity
of the specific extinction event (m). We are interested in age bias
associated with the latter.
For each simulation outcome, we computed the loss of EH
measured by PD (24) as the sum of all of the branch lengths
(terminal and internal) removed from the phylogeny. We also
computed the corresponding loss of EH measured by the pale-
ontological metric SD, the loss of which is defined here as the
sum of all absolute ages removed. Letting the subscript “ob-
served” denote EH remaining after the extinction event in any
particular outcome and “random” denote EH remaining when
age does not influence extinction risk, we quantify the excess loss
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Full, budding branching history
Fig. 1. A simple tree showing how the full branching history of a clade can
be reduced to either stratigraphic ranges or a bifurcating phylogeny. A clade
undergoes speciation (assumed here to be budding, with survival of the
parent) and extinction, with nine lineages (A–I) surviving to the focal time
(t = 0). The stratigraphic range and absolute age of each surviving species are
determined by the time of its first appearance in the fossil record, without
reference to species relationships. The bifurcating phylogeny is determined by
the divergence times of surviving species relative to one another, without
regard for their original times of speciation. Colors illustrate the four scenarios
of age-dependent extinction at the focal time. Note that the oldest species
differ—in both identity and age—between the absolute and relative age
definitions, as do the youngest species. Thus, stratigraphic and phylogenetic
diversity are differently affected by the loss of species.
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of EH with EHexcess = (EHrandom − EHobserved)/EHrandom (41),
where EH may be either PD or SD. This excess quantity is
positive when more EH is lost than expected by chance and
negative when less EH is lost.
When loss of species during an extinction event is independent
of both absolute and relative age, we find that SD loss is greater
than PD loss (Fig. S1). This effect is driven by the extinction of
older species. When species of large absolute age go extinct, they
take their entire EH with them, whereas when species of large
relative age go extinct, part of their shared history (internal
branches) may remain on the phylogeny (e.g., species A in Fig. 1).
When an extinction event preferentially removes taxa with
older absolute ages, SDexcess values are strongly positive because
less SD remains than under random extinction, but PDexcess
values are smaller or even negative (Fig. 2, blue). The discor-
dance between SDexcess and PDexcess decreases with increasing
tree size and extinction intensity. When extinction most affects
taxa with older relative ages, both SDexcess and PDexcess are
generally positive (Fig. 2, red). These results together show that
when an extinction event preferentially affects older species—by
either definition—paleontological studies are more likely to
detect the effect than are neontological studies.
When extinction preferentially removes species of younger
absolute or relative age, both SDexcess and PDexcess values are
often negative although many are near zero (Fig. 2, green and
purple). We see the largest effect of young-biased extinction and
the greatest consequent loss of EH when μ is low but m is high.
These age-biased extinction results are determined by three
factors. First, SD loss is generally greater than PD loss under any
extinction regime, as discussed above (Fig. S1). Second, the age
distribution of an exponentially growing clade is dominated by
the continual production of younger species (42). Thus, even
when risk during an extinction event is independent of age, more
extinctions are of younger species simply because younger species
are more numerous. This inherent feature of random extinction
overshadows much of the signal of young-biased extinction while
highlighting the signal of old-biased extinction. Third, the fre-
quencies of absolute and relative ages within a clade differ. Because
the birth of a new species reduces the relative but not absolute age
of the parent lineage, the relative age distribution is even more
strongly biased toward the young. Consequently, there is less scope
for extinctions biased by relative age, reducing the size of PDexcess
relative to SDexcess.
Taxon Age Selectivity.We used the same simulations to test whether
age bias during extinction events is manifested statistically in phy-
logenetic and stratigraphic data. Following Finnegan et al. (20), we
used a binomial logistic regression model to test for the effect of age
on the survival of a species. The odds ratio of a logistic regression
conveniently summarizes the results: the log-odds are expected to
be negative when extinction preferentially removes older taxa and
positive when younger taxa suffer greater extinction. Our central
question is again whether an extinction event biased by absolute
age can be recognized by studies using relative age, and similarly
whether absolute age studies can detect relative age-biased
extinction.
When extinction risk is independent of age, no statistically sig-
nificant age bias is detected for either definition of age (Fig. 3 I
and J). We do see a slight influence of extinction intensity (m) on
effect size, however, with positive log-odds (in the direction of
young-biased extinction) for low m and negative log-odds for high
m. We attribute this difference to the age distributions, discussed
above. With an overrepresentation of young species, especially as
measured by relative age, old species are less likely to be captured
in any one extinction episode.
When extinction risk is biased to older absolute or relative age,
log-odds almost always are negative. If absolute age drives the
risk (Fig. 3 A and B), the signal is strongest when measured by





Fig. 2. PDexcess based on bifurcating phylogenies versus the corresponding
SDexcess for the same extinction event under four age-biased extinction
regimes. Individual colors depict extinction probability increasing linearly
with absolute age (stratigraphic range) or with relative age (phylogenetic tip
length) or decreasing linearly with absolute age or with relative age. Excess-
over-random losses (see main text) are shown for four extinction intensities
(m = 10, 30, 50, or 80%) and trees simulated with two pairs of speciation (λ)
and extinction (μ) rates (e = μ/λ = 0.2 or 0.8). (A) One thousand trees with e =
0.8. (B) Largest quartile of trees (250) with e = 0.8. (C) One thousand trees






Fig. 3. Taxon age selectivity under four age-biased extinction regimes plus
a null model of random, age-independent extinction. (A–J) Bars represent
the natural logarithm of the odds ratio (log-odds) based on a binomial
logistic regression model. Log-odds are expected to be negative when ex-
tinction preferentially removes older taxa and positive when younger taxa
are more likely to go extinct. Solid colors represent log-odds calculated based
on absolute ages from stratigraphic ranges; shaded colors represent log-odds
calculated using relative ages from bifurcating phylogenies. Shown are log-
odds under four extinction intensities (m = 10, 30, 50, or 80%) for trees sim-
ulated with two pairs of speciation (λ) and extinction (μ) rates (e = μ/λ = 0.2 or
0.8). Numbers above or below bars represent the proportions of trees that
show a statistically significant effect of age on species survivorship.








































measured by relative age except for low extinction intensity. If
relative age drives the risk (Fig. 3 C and D), the age bias of
extinction is detected less reliably when measured by absolute
age. We ascribe this difference to the smaller pool of species of
old relative age, compared with the absolute age distribution. As
in the previous case, the results for the two types of age match
best when both m and « are high, and the mismatch is worst for
very low extinction intensities, especially when « is low (Fig. 3).
In cases where we preferentially remove younger taxa, using
either relative or absolute ages, the log-odds are always positive,
as expected (Fig. 3 E–H). The effect size is larger for absolute
age when extinction risk is based on absolute age, and likewise
for relative age. The results rarely are statistically significant,
however. We again attribute this difference in effect size to the
overrepresentation of young species in a clade: young-biased ex-
tinction then has less effect on the age distributions of victims
and survivors.
Plio–Pleistocene Extinctions
Paleontological analyses of age-related bias in extinction vulner-
ability (19–22) have focused on background extinctions rather than
on selectivity across major extinction events (23), whereas analyses
of anthropogenic extinctions are focused on a single, unfolding
event. As a first step toward reducing this information gap, we
tested for age-related bias in the Plio–Pleistocene extinction of
marine scallops (family Pectinidae) in California.
The Late Cenozoic fossil record of California preserves a rich
assemblage of shallow marine molluscan species, which suffered
a major extinction during the Plio-Pleistocene transition (30),
a time of elevated extinctions of mollusks in other regions of the
world as well (43–45). The bivalve family Pectinidae suffered
particularly heavy losses in California during this extinction event
with little subsequent evolutionary rebound (46). The systematics
of the Neogene pectinids of California also is well studied,
making this an ideal group for phylogenetic analyses of extinc-
tion selectivity (47–49). To perform these extinction analyses, we
used Bayesian methods to infer a time-calibrated phylogeny of
living and Neogene pectinid species based on molecular and
fossil data, generating a posterior set of 1,000 fully resolved trees
(SI Materials and Methods). Of the 50 species of Plio–Pleistocene
scallops known from California, 25 were lost during this extinction
event (Fig. 4). Despite this 50% reduction in species richness, the
loss of PD in this case was significantly less than expected across
the 1,000 posterior trees (Fig. S4), suggesting a preferential loss of
younger species during this extinction. Comparisons of relative
ages produce a qualitatively similar result, with the age selectivity
log-odds being larger than under age-independent extinctions,
although this finding is not significant across all trees (Fig. S5).
The loss of SD using absolute ages shows that SDexcess is nega-
tive, but the confidence interval (CI) is broad and overlaps with
zero (mean SDexcess = −0.11, 95% CI = −0.38 to 0.08 based on
1,000 iterations). The log-odds using absolute ages are also
positive (0.02), but, again, are not significant (P = 0.75). Taken
together, although all metrics indicate a preferential loss of
younger scallop species during this extinction event, only PD loss
using relative ages shows a significant signal.
We also tested for selectivity in absolute ages of other bivalve
species during the Plio–Pleistocene extinction using stratigraphic
ranges from Hall (30) because a phylogeny for nonpectinid species
involved in this event is not currently available. In contrast to the
scallops, species across all families of bivalves show an overall
negative log-odds (−0.03, n = 286), as do Veneridae, the most
species-rich family in this fauna (−0.05, n = 33), but neither effect
is significant (P = 0.16 overall and P = 0.52 for Veneridae). Thus,
the bias toward a loss of younger species seen in the pectinids is
not reflected in other families, suggesting that clades can differ in
their patterns of species age selectivity during the same extinc-
tion event.
Discussion
Comparing the loss of EH during major extinction events using
paleontological versus molecular phylogenies can be difficult
because of the conceptual difference in how ages are esti-
mated. However, our simulations and empirical analyses show
that estimated EH losses during major extinction events tend
to be qualitatively similar despite this difference. The simulations
also show that extinction generally removes EH more rapidly in
paleontological data than in molecular phylogenies, where the
loss is buffered by shared history. Preferential extinction of older
taxa leads to large losses of EH in both cases, but the magnitudes
differ among the two data types with molecular phylogenies
again providing the more conservative estimates. This asymmetry
when comparing phylogeny-based EH losses with those from the
fossil record indicates that analyses of major extinction events in
the geologic past can provide a meaningful baseline for com-
paring patterns of endangerment in ongoing extinctions. The
absence of excess loss of EH observed during past extinction
events would indicate that there is little natural analog for the
preferential endangerment of older lineages currently seen from
anthropogenic impacts. Furthermore, our results suggest that
such comparisons can be based on either the sum of the ages or
the age distributions themselves, although conceptually the latter
may be preferable.
When extinctions preferentially remove younger species, the
signal is muted in paleontological data and more so in phyloge-
nies. We ascribe this lower power to the age distributions of
species at any point in time being skewed toward the younger
ages. Therefore, these results caution that type II errors are most
likely to arise when a bias toward younger ages in species-level



















































































































































Extinct before 2.5 mya
Extinct at 2.5 mya
Extinct after 2.5 mya
Fig. 4. Stratigraphic ranges (thick lines) and phylogenetic relationships (thin
lines) of 89 Late Oligocene to Recent species of scallops (Pectinidae) known
from California. The tree shown forms the backbone for generating 1,000 fully
resolved Bayesian posterior trees used to analyze extinctions occurring at the
Plio–Pleistocene transition, ∼2.5 Mya, which removed 25 of the 50 species
present at that time. Species names and stratigraphic ranges are colored
according to times of extinction relative to the Plio–Pleistocene transition.
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higher taxonomic levels where the age distributions contain a
larger proportion of older taxa. Available empirical evidence is
generally consistent with this view, with at least one previous study
finding a significant bias toward younger genera during back-
ground extinctions (20). Our empirical results show that species
loss of pectinids during a major extinction event in California in-
volved preferential loss of younger taxa; however, the effect is
significant only using PD, indicating that the age bias in this case is
more closely tied to relative than to absolute age. Because these
extinct species had geographic ranges significantly smaller than
those of the survivors (50), we hypothesize that the ranges of
parent species were reduced by giving rise to daughters; speciation
made the parent taxa younger and range-restricted (e.g., refs. 51
and 52), and thus more extinction prone.
In addressing our central question of whether we are currently
trimming the tree of life in a manner different from in the past,
our results are encouraging in that they identify ways of making
comparisons across extinction events using paleontological data
and molecular phylogenies. As discussed above, virtually all pa-
leontological analyses of the age selectivity of extinctions have
focused on background extinctions, integrating over a substantial
history of individual clades (20, 21, 23), but the best analogs of
the current extinction crisis are the more severe extinction pulses
of the past, either regional or global (16). Furthermore, the in-
complete nature of the fossil record and the difficulties involved
in identifying fossil species have led previous analyses to focus on
higher taxa rather than species (but see ref. 21). Because the age
distributions of higher taxa are different from those of species, it
is difficult to compare patterns of age selectivity across taxo-
nomic levels. Thus, existing studies do not readily allow direct
comparisons of past losses of EH with those predicted for an-
thropogenic extinctions. Although temporal durations of species
in the fossil record are more difficult to estimate reliably than
those of higher taxa (23), a number of paleontological studies
have used fossil species successfully to test important evolutionary
and biogeographic hypotheses (21, 51–56) as well as various
aspects of the extinction process (57–59). With the increasing
availability of large, taxonomically standardized paleontological
databases, analyses of age selectivity of extinctions at the species
level, such as the one undertaken here, are now feasible, espe-
cially on regional scales. In addition, molecular sequence data
for living species continue to accumulate in GenBank and other
repositories, and novel approaches for integrating fossil species
into molecular phylogenies are now available (60, 61), making it
feasible to undertake age-selectivity analyses of past and present
extinctions using a common currency of relative ages estimated
from phylogenies.
Although much remains to be learned about how extinctions,
past and present, remove EH, the long-term evolutionary con-
sequences of age-biased extinctions are even less understood. The
use of PD in conservation is based primarily on a proposed cor-
relation between PD and trait diversity (24, 62, 63). Under this
model, excessive loss of PD would result in a disproportionate
loss of traits and consequently in a greater effect on future evo-
lutionary trajectories. Species in geologically old and species-poor
lineages are considered to be particularly important from this
perspective because they alone represent millions of years of trait
evolution, and considerable effort is being put into identifying
such taxa, generally known as “Evolutionarily Distinct and Glob-
ally Endangered” (EDGE) species (8, 11, 64). However, empirical
analyses using molecular phylogenies of living species often fail to
find a strong correlation between PD and trait diversity (33, 65). In
addition, paleontological data show that many geologically old
lineages tend to be morphologically unremarkable (66). Finally,
some species-poor, long-lived lineages are likely to fit the “dead
clade walking” model of Jablonski (67, 68), in which formerly
diverse groups are bottlenecked by an extinction event without
subsequent recovery. These patterns suggest that we need to
better understand how age-biased extinctions, especially those that
preferentially remove older taxa, affect future evolutionary tra-
jectories. Given the problems of estimating extinction rates from
molecular phylogenies of extant species (69, 70) and the uncer-
tainties associated with ancestral state reconstructions (71), data
from the fossil record are critical for addressing this issue. How-
ever, although much of our insight into the extinction process
comes from paleontological studies, the issues of age bias and
trait loss during major extinction events and their effects on
subsequent recoveries still remain poorly explored.
Our finding that the signal of preferential extinctions of young
species can be hard to detect through the approaches commonly
used to study age-biased extinctions also has important impli-
cations. As discussed above, evolutionary conservation studies
have focused on the endangerment of older lineages, but many
young species can have unique traits and important functional
and ecological roles. Adaptive radiations, in particular, often
contain many unique young species, and examples abound of
such species being negatively affected by anthropogenic impacts
(e.g., refs 72–75). A focus on the loss of EH alone is likely to
underestimate the erosion of trait and functional diversity
resulting from such extinctions in young radiations, especially for
smaller clades. Such losses of young species also would suggest
that anthropogenic impacts have the potential to suppress orig-
ination rates in some clades, although the effect remains to be
quantified. The same lack of power also can plague analyses of
past extinctions of species, as seen for the pectinids here. Thus,
although a bias toward younger genera of marine invertebrates
during background extinction has been documented, establishing
whether a similar bias exists for species, especially during major
extinctions, may require alternative analytical approaches.
Conclusions
Although there is little doubt that anthropogenic impacts are en-
dangering many long-lived species and lineages, potentially lead-
ing to their extinction and thus a disproportionate loss of existing
EH, whether this bias is likely to be a unique evolutionary legacy
of our species remains unknown. The rich archive of past extinc-
tions preserved in the fossil record holds the key to answering this
question, and our results show that the conceptual difference in
how ages are estimated from the stratigraphic record versus phy-
logenies does not preclude comparisons of age selectivities of past
and present extinctions. Such comparisons can provide funda-
mental understanding about the nature of the extinction process
and also can help us develop more evolutionarily informed models
of conservation prioritization.
Materials and Methods
Further details about simulations, data, and analytical methods are provided
in SI Materials and Methods.
ACKNOWLEDGMENTS. We thank David Jablonski and Neil Shubin for the
invitation to write this paper, and David Jablonski and two anonymous
reviewers for very helpful comments on previous versions of the manuscript.
D.H. thanks Gregory Rouse for providing laboratory and computational support.
1. Purvis A, Agapow P-M, Gittleman JL, Mace GM (2000) Nonrandom extinction and the
loss of evolutionary history. Science 288(5464):328–330.
2. von Euler F; Euler von F (2001) Selective extinction and rapid loss of evolutionary
history in the bird fauna. Proc Biol Sci 268(1463):127–130.
3. Sechrest W, et al. (2002) Hotspots and the conservation of evolutionary history. Proc
Natl Acad Sci USA 99(4):2067–2071.
4. Mooers AØ, Atkins RA (2003) Indonesia’s threatened birds: Over 500 million years of
evolutionary heritage at risk. Anim Conserv 6(2):183–188.
5. Davies TJ, et al. (2008) Colloquium paper: Phylogenetic trees and the future of
mammalian biodiversity. Proc Natl Acad Sci USA 105(Suppl 1):11556–11563.
6. Vamosi JC, Wilson JRU (2008) Nonrandom extinction leads to elevated loss of an-
giosperm evolutionary history. Ecol Lett 11(10):1047–1053.
7. Mace GM, Gittleman JL, Purvis A (2003) Preserving the tree of life. Science 300(5626):
1707–1709.
8. Isaac NJB, Turvey ST, Collen B, Waterman C, Baillie JEM (2007) Mammals on the EDGE:
Conservation priorities based on threat and phylogeny. PLoS ONE 2(3):e296.








































9. Huang D, Roy K (2013) Anthropogenic extinction threats and future loss of evolu-
tionary history in reef corals. Ecol Evol 3(5):1184–1193.
10. Forest F, et al. (2007) Preserving the evolutionary potential of floras in biodiversity
hotspots. Nature 445(7129):757–760.
11. Isaac NJB, Redding DW, Meredith HM, Safi K (2012) Phylogenetically-informed pri-
orities for amphibian conservation. PLoS ONE 7(8):e43912.
12. Cadotte MW, et al. (2010) Phylogenetic diversity metrics for ecological communities:
Integrating species richness, abundance and evolutionary history. Ecol Lett 13(1):
96–105.
13. McKinney ML (1997) Extinction vulnerability and selectivity: Combining ecological
and paleontological views. Annu Rev Ecol Syst 28:495–516.
14. Jablonski D (2001) Lessons from the past: Evolutionary impacts of mass extinctions.
Proc Natl Acad Sci USA 98(10):5393–5398.
15. Jablonski D (2005) Mass extinctions and macroevolution. Paleobiology 31:192–210.
16. Barnosky AD, et al. (2011) Has the Earth’s sixth mass extinction already arrived? Na-
ture 471(7336):51–57.
17. Harnik PG, et al. (2012) Extinctions in ancient and modern seas. Trends Ecol Evol
27(11):608–617.
18. Dietl GP, Flessa KW (2011) Conservation paleobiology: Putting the dead to work.
Trends Ecol Evol 26(1):30–37.
19. Van Valen L (1973) A new evolutionary law. Evol Theory 1:1–30.
20. Finnegan S, Payne JL, Wang SC (2008) The Red Queen revisited: Reevaluating the age
selectivity of Phanerozoic marine genus extinctions. Paleobiology 34:318–341.
21. Ezard THG, Aze T, Pearson PN, Purvis A (2011) Interplay between changing climate
and species’ ecology drives macroevolutionary dynamics. Science 332(6027):349–351.
22. Krug AZ, Jablonski D, Roy K, Beu AG (2010) Differential extinction and the contrasting
structure of polar marine faunas. PLoS ONE 5(12):e15362.
23. Liow LH, Van Valen L, Stenseth NC (2011) Red Queen: From populations to taxa and
communities. Trends Ecol Evol 26(7):349–358.
24. Faith DP (1992) Conservation evaluation and phylogenetic diversity. Biol Conserv 61:
1–10.
25. Russell GJ, Brooks TM, McKinney MM, Anderson CG (1998) Present and future taxo-
nomic selectivity in bird and mammal extinctions. Conserv Biol 12:1365–1376.
26. Wagner PJ (2000) The quality of the fossil record and the accuracy of phylogenetic
inferences about sampling and diversity. Syst Biol 49(1):65–86.
27. Aze T, et al. (2011) A phylogeny of Cenozoic macroperforate planktonic foraminifera
from fossil data. Biol Rev Camb Philos Soc 86(4):900–927.
28. Benton MJ, Pearson PN (2001) Speciation in the fossil record. Trends Ecol Evol 16(7):
405–411.
29. Roy K, Goldberg EE (2007) Origination, extinction, and dispersal: Integrative models
for understanding present-day diversity gradients. Am Nat 170(Suppl 2):S71–S85.
30. Hall CA, Jr (2002) Nearshore marine paleoclimatic regions, increasing zoogeographic
provinciality, molluscan extinctions, and paleoshorelines, California: Late Oligocene
(27 Ma) to Late Pliocene (2.5 Ma). Special Papers of the Geological Society of America
357:1–489.
31. Helmus MR, Bland TJ, Williams CK, Ives AR (2007) Phylogenetic measures of bio-
diversity. Am Nat 169(3):E68–E83.
32. Devictor V, et al. (2010) Spatial mismatch and congruence between taxonomic,
phylogenetic and functional diversity: The need for integrative conservation strate-
gies in a changing world. Ecol Lett 13(8):1030–1040.
33. Winter M, Devictor V, Schweiger O (2013) Phylogenetic diversity and nature conser-
vation: Where are we? Trends Ecol Evol 28(4):199–204.
34. D’agata S, et al. (2014) Human-mediated loss of phylogenetic and functional diversity
in coral reef fishes. Curr Biol 24(5):555–560.
35. Marshall CR (1990) Confidence intervals on stratigraphic ranges. Paleobiology 16:
1–10.
36. Simpson GG (1944) Tempo and Mode in Evolution (Columbia Univ Press, New York).
37. Verde Arregoitia LD, Blomberg SP, Fisher DO (2013) Phylogenetic correlates of ex-
tinction risk in mammals: Species in older lineages are not at greater risk. Proc Biol Sci
280(1765):20131092.
38. Goldberg EE (2014) SimTreeSDD: Simulating phylogenetic trees under state-depen-
dent diversification. doi:10.5281/zenodo.9965.
39. Bapst DW (2012) paleotree: an R package for paleontological and phylogenetic
analyses of evolution. Methods Ecol Evol 3:803–807.
40. Magallón S, Sanderson MJ (2001) Absolute diversification rates in angiosperm clades.
Evolution 55(9):1762–1780.
41. Parhar RK, Mooers AØ (2011) Phylogenetically clustered extinction risks do not sub-
stantially prune the Tree of Life. PLoS ONE 6(8):e23528.
42. Foote M (2001) Evolutionary Patterns: Growth, Form, and Tempo in the Fossil Record,
eds Jackson JBC, Lidgard S, McKinney FK (Univ of Chicago Press, Chicago), pp 245–294.
43. Johnson KG, Curry GB (2001) Regional biotic turnover dynamics in the Plio-Pleistocene
molluscan fauna of the Wanganui Basin, New Zealand. Palaeogeogr Palaeoclimatol
Palaeoecol 172:39–51.
44. Monegatti P, Raffi S (2001) Taxonomic diversity and stratigraphic distribution of
Mediterranean Pliocene bivalves. Palaeogeogr Palaeoclimatol Palaeoecol 165:171–193.
45. Valentine JW, Jablonski D, Krug AZ, Berke SK (2013) The sampling and estimation of
marine paleodiversity patterns: Implications of a Pliocene model. Paleobiology 39:
1–20.
46. Smith JT, Roy K (2006) Selectivity during background extinction: Plio-Pleistocene
scallops in California. Paleobiology 32:408–416.
47. Waller TR (1996) Bridging the gap between the eastern Atlantic and eastern Pacific: A
new species of Crassadoma (Bivalvia: Pectinidae) in the Pliocene of Florida. J Paleontol
70:941–946.
48. Waller TR (2007) The evolutionary and biogeographic origins of the endemic Pecti-
nidae (Mollusca: Bivalvia) of the Galápagos Islands. J Paleontol 81:929–950.
49. Waller TR (2011) Neogene paleontology of the northern Dominican Republic. 24.
Propeamussiidae and Pectinidae (Mollusca: Bivalvia: Pectinoidea) of the Cibao Valley.
Bull Am Paleontol 381:1–198.
50. Smith JT (2000) Extinction Dynamics of the Late Neogene Pectinidae in California. MS
Thesis (Univ of California, San Diego, La Jolla, CA).
51. Foote M, et al. (2007) Rise and fall of species occupancy in Cenozoic fossil mollusks.
Science 318(5853):1131–1134.
52. Liow LH, Stenseth NC (2007) The rise and fall of species: Implications for macroevo-
lutionary and macroecological studies. Proc Biol Sci 274(1626):2745–2752.
53. Hunt G, Roy K, Jablonski D (2005) Species-level heritability reaffirmed: A comment on
“on the heritability of geographic range sizes”. Am Nat 166(1):129–135, discussion
136–143.
54. Hunt G, Cronin TM, Roy K (2005) Species–energy relationship in the deep sea: A test
using the Quaternary fossil record. Ecol Lett 8:739–747.
55. Foote M, Crampton JS, Beu AG, Cooper RA (2008) On the bidirectional relationship
between geographic range and taxonomic duration. Paleobiology 34:421–433.
56. Hopkins MJ (2011) How species longevity, intraspecific morphological variation, and
geographic range size are related: A comparison using late Cambrian trilobites.
Evolution 65(11):3253–3273.
57. Harnik PG (2011) Direct and indirect effects of biological factors on extinction risk in
fossil bivalves. Proc Natl Acad Sci USA 108(33):13594–13599.
58. Kolbe SE, Lockwood R, Hunt G (2011) Does morphological variation buffer against
extinction? A test using veneroid bivalves from the Plio-Pleistocene of Florida. Pa-
leobiology 37:355–368.
59. Hardy C, et al. (2012) Deep-time phylogenetic clustering of extinctions in an evolu-
tionarily dynamic clade (Early Jurassic ammonites). PLoS ONE 7(5):e37977.
60. Pyron RA (2011) Divergence time estimation using fossils as terminal taxa and the
origins of Lissamphibia. Syst Biol 60(4):466–481.
61. Ronquist F, et al. (2012) A total-evidence approach to dating with fossils, applied to
the early radiation of the hymenoptera. Syst Biol 61(6):973–999.
62. Omland KE (1997) Correlated rates of molecular and morphological evolution. Evo-
lution 51:1381–1393.
63. Wagner PJ (1997) Patterns of morphologic diversification among the Rostroconchia.
Paleobiology 23:115–150.
64. Collen B, et al. (2011) Investing in evolutionary history: Implementing a phylogenetic
approach for mammal conservation. Philos Trans R Soc Lond B Biol Sci 366(1578):
2611–2622.
65. Fritz SA, Purvis A (2010) Phylogenetic diversity does not capture body size variation at
risk in the world’s mammals. Proc Biol Sci 277(1693):2435–2441.
66. Liow LH (2007) Lineages with long durations are old and morphologically average: An
analysis using multiple datasets. Evolution 61(4):885–901.
67. Jablonski D (2002) Survival without recovery after mass extinctions. Proc Natl Acad Sci
USA 99(12):8139–8144.
68. Huang D, Roy K The future of evolutionary diversity in reef corals. Philos Trans R Soc
B-Biol Sci 370(1662):20140010.
69. Rabosky DL (2010) Extinction rates should not be estimated from molecular phylog-
enies. Evolution 64(6):1816–1824.
70. Liow LH, Quental TB, Marshall CR (2010) When can decreasing diversification rates be
detected with molecular phylogenies and the fossil record? Syst Biol 59(6):646–659.
71. Losos JB (2011) Seeing the forest for the trees: The limitations of phylogenies in
comparative biology. (American Society of Naturalists Address). Am Nat 177(6):709–727.
72. Cowie RH (1992) Evolution and extinction of Partulidae, endemic Pacific island land
snails. Philos Trans R Soc Lond B Biol Sci 335:167–191.
73. Verschuren D, et al. (2002) History and timing of human impact on Lake Victoria, East
Africa. Proc Biol Sci 269(1488):289–294.
74. Cowie RH, Robinson AC (2003) The decline of native Pacific island faunas: Changes in
status of the land snails of Samoa through the 20th century. Biol Conserv 110:55–65.
75. Vonlanthen P, et al. (2012) Eutrophication causes speciation reversal in whitefish
adaptive radiations. Nature 482(7385):357–362.
4914 | www.pnas.org/cgi/doi/10.1073/pnas.1409886112 Huang et al.
